Abstract: Graphene is a two-dimensional material with exotic electronic, optical and thermal properties. The optical absorption in monolayer graphene is limited by the fine structure constant α. Here we demonstrated the strong enhancement of light absorption and thermal radiation in homogeneous graphene. Numerical simulations show that the light absorbance can be controlled from near zero to 100% by tuning the Fermi energy. Moreover, a set of periodically located absorption peaks is observed at near grazing incidence. Based on this unique property, highly directive comb-like thermal radiation at near-infrared frequencies is demonstrated. 
Introduction
As one-atom thick carbon material described by a two-dimensional (2D) Dirac-like equation, graphene has attracted much attention in recent years with respect to its extraordinary electronic and optical properties such as ballistic transport and saturable absorption [1] [2] [3] [4] . In the optical regime, a single sheet of homogeneous graphene has only very limited loss at Dirac point due to the extremely small thickness. The absorption is about A ≈πα ≈2.3%, where α ≈1/137 is the fine structure constant [5, 6] . At lower frequencies (photon energy much smaller than the Fermi energy), the property of graphene is mainly determined by the intraband transition which is similar to the case of Drude-type material (gold, silver, as an example) [7, 8] . The different behaviors at optical and DC conditions can be utilized to realize transparent electrodes with typical DC sheet resistances varying from a few hundred ohms per square to greater than 10 5 Ω [9] . One of the most crucial aspects of graphene is that it is optically tunable via electrostatic doping, that means, the plasmon frequency of graphene can be tuned by the chemical potential μ c or Fermi energy E F [10] [11] [12] [13] [14] . Based on the electric tunable optical properties of graphene, various applications have been proposed by different groups. For example, Feng Wang et al. demonstrated that sophisticated tunable terahertz metamaterials can be achieved based on graphene micro-ribbon arrays [10, 11] . At almost the same time, Nader Engheta et al. proposed that numerous photonic functions and metamaterial concepts can be achieved by tune the graphene conductivity [13] .
More recently, researchers demonstrated that total absorption of light can be achieved by utilizing periodically patterned graphene [15] [16] [17] . Since the thickness of graphene is only oneatom thick, such enhancement of light-matter interaction is quite weird. Nevertheless, one should note that similar absorption enhancement effect in metamaterial has already demonstrated by many groups [18] [19] [20] [21] . The mechanism behind is believed to be the magnetic coupling between metallic patches and ground planes [19] . Also, the phase matching is of significant importance since the absorption in single sheet cannot be larger than 50% in principle [17, 22, 23] .
As inspired by Kirchhoff's law, spectrally selective absorber can be used directly to control the thermal radiation, which is crucial in applications such as thermo-photovoltaics (TPV) and sub-pixel super-spectral imaging [24] [25] [26] [27] . Likewise, one would expect that the thermal emission of graphene can be controlled in a similar way. Due to the unique thermal property of graphene such as high thermal conductivity and high temperature stability [28, 29] , the thermal radiation property may be quite different from traditional metamaterial. However, the spectral and spatial control of thermal radiation in graphene system has rarely been investigated although it has been used to extract the temperature distribution and spatial location of the Dirac point in the graphene channel [30] .
In this paper, we show that monolayer graphene can be used as an efficient and tunable light absorber. Rigorous transfer matrix method is utilized to calculate the reflection and absorption coefficients. It is found that multi-frequency comb-like absorption can be achieved at near grazing incidence. Based on Kirchhoff's law, the passive and active tuning of directive thermal radiation in the near-infrared frequencies is demonstrated.
Principle and simulation

Tunable absorption in the terahertz regime
The surface (two-dimensional) conductivity of graphene is highly dependent on the working frequency and chemical potential (or Fermi energy). When there is no external magnetic field present, the local conductivity is isotropic i.e., there is no Hall conductivity. In this case, the conductivity can be approximated for ,
where k B T is the thermal energy, μ c is the chemical potential and Γ is the scattering rate, e, k B , and ћ are electron charge, Boltzmann constant, and reduced Plank constant (Dirac constant), respectively. The first term in Eq. (1) is due to the contribution of inter-band transition and the second term results from intra-band transition. The frequency of transition between these two regimes is dependent on the chemical potential. The validity of Eq. (1) is checked with the help of numerical and experimental results in [5, 6, 13] for various chemical potentials. The scattering rate is assumed to be Γ = 0.43 meV. The sheet impedance of graphene can be calculated as:
which can also be transformed into traditional form by writing the 3D conductivity as
, where t ≈0.5 nm is the thickness of graphene [13, 21] . As shown in Fig. 1 , the proposed absorber consists of a homogeneous graphene layer and metallic layer separated by a dielectric spacer with thickness of d. The permittivity of dielectric spacer is set as 2.1. To adjust the chemical potential of graphene, a voltage can be added between the graphene and metallic ground plane. The absorbance of the absorber is then calculated using A = 1-r 2 , where r is the reflection coefficient obtained through transfer matrix method (TMM) [19] . As shown in In the regime of TMM, the key of solution is the electric and magnetic boundary condition. At the two sides of the graphene, one has: For perfect absorption, b should be zero, thus the required sheet impedance can be written as:
for TE polarization and
for TM polarization. At normal incidence, the above two required impedance can be reduced to be:
where n is the refractive index. If Z s = Z 0 = 377 Ω, the maximal absorption condition becomes nkd = π/2, corresponding to traditional Salisbury screen (the lossy material can be either carbon or nichrome) [19] .
As illustrated in Fig. 3(c) , the absorbance of graphene at normal incidence for different chemical potentials is calculated using TMM. The thickness of the dielectric layer is set as 70 μm and the temperature is 300 K. For the chemical potential of 1100 meV, the maximal absorption occurs at f = 1.36 THz and nkd = 2.89. The blue shift of absorption peak can be attributed to the increase of imaginary part in graphene conductivity. As shown in Fig. 3(a)  and 3(b) , the imaginary parts of conductivity are much larger than the real parts (σ 2D = 27.8 + 245i in units of 2 / 4 e  , f = 1.36 THz). According to Eq. (6), the large imaginary part in Z s will make kd shift (become larger).
Compared with the Lorentzian spectra in nanostructured graphene [17] , the spectrum shape becomes asymmetric, similar with the famous Fano resonance [31-33]. The asymmetric line shape stems from the fact that the absorption at 1.5 THz is always near zero for all chemical potentials. At 1.5 THz, there is nkd = π so that the required impedance for perfect absorption becomes Z s = 0, which can hardly be achieved for graphene with any chemical potential. As illustrated in Fig. 4 , the thickness of dielectric spacer has great influence on the absorption. When the chemical potential increases from 100 meV to 500 meV, the required thickness for perfect absorption become decreases. Also, it can be concluded that the homogeneous graphene is not suitable for absorption at frequencies higher than 5 THz because the required chemical potential would become as high as several eV.
Absorption at large angle of incidence
In order to investigate on the angular dependence of the above structure, the absorbance for large angle of incidence is calculated for both TE and TM polarizations. The chemical potential is chosen as 200 meV and the sheet impedance at 1 THz becomes 55 + 266i. As illustrated Fig. 5 , periodically located absorption peaks are observed for TE polarization at θ ≈83°. For TM polarization, the absorption mainly located at small angles of incidence. In order to understand the different absorption mechanism for TE and TM polarizations, the characteristics of Eqs. (4) and (5) are analyzed here.
As the impedance of graphene is larger than Z 0 for frequencies larger than 5 THz and chemical potential less than 200 meV, the prefect absorption condition (Eqs. (4) and (5) 
for TM polarization. It is interesting to note that the absorption angle is only dependent on the sheet impedance. Also, there is no solution for TM polarization because Z s > Z 0. According to Eq. (7), the frequency interval of adjacent absorption peaks can be written as:
Obviously, the permittivity of dielectric spacer has strong impact on the performance. For vacuum with ε = 1, Δf would be very large. As a result, the dielectric spacer provides not only mechanical support but also a phase matching for large angle of incidence. The above discussions are only valid for the graphene-dielectric-metal sandwiched structure. In general, the structure can be extended to contain much more layers of graphene and dielectric. Just as an example, we calculated the absorption spectra when an additional dielectric cover layer with the same permittivity and thickness is added on the top of graphene. As shown in Fig. 6 , periodic located absorption peaks are observed for both TE and TM polarizations. For TE polarization, the frequency intervals becomes as half of its original value, which is just the frequency interval for TM polarization. The change of frequency interval can be attributed to the interference and phase matching provided by the additional dielectric layer. 
Thermal radiation engineering
According to Kirchhoff's law of thermal radiation, at equilibrium condition the emissivity of a material equals its absorptivity [24-27]. Since graphene possess exotic optical and thermal properties, it provides an ideal platform for the engineering of thermal radiation. In particular, the multi-frequency comb-like behavior of the graphene absorption spectra can be utilized to generate frequency comb, which has been realized by various approaches [34] . The polarization of the radiation can be tuned by the cover layer. In the following, we will only consider the case without additional cover layer. At near-infrared and visible frequencies, the conductivity of monolayer graphene (μ c = 0) becomes a universal constant equal to 2 / 4 e  , which can be obtained from the asymptotic behavior of Eq. (1). As proved in [10] , the optical conductivity is weakly dependent on the working temperature. The optical sheet resistance can be calculated as 16.4 KΩ. In numerical simulations, the emission of metal backed graphene is calculated by the product of emissivity (absorbance) and the blackbody radiation. As an example, the temperature is set as 1500 K and the corresponding radiation center frequency is 155.44 THz (λ = 1.93 μm). The radiation angle is then calculated to be θ = 88.5°. Since the absorption at θ = 0°, 30°, and 60° is only 0.09, 0.1, 0.17 for TE polarization (the case for TM polarization is even smaller), the emissivity is highly dependent on the angle.
Due to the strong angle dependence of the thermal radiation, it can be utilized as highly directive thermal source. According to Eq. (10), the thickness of the dielectric layer can be changed to achieve different kinds of radiation property such as narrow band single peak radiation (small d) or multi-frequency comb-like radiation (large d). As illustrated in Fig. 7 , the thermal emissions of the structure for different dielectric thicknesses are calculated. When the thickness of dielectric layer is set as 50 μm, 5 μm, and 0.5 μm, the corresponding frequency interval between adjacent peaks becomes 2.86 THz, 28.6 THz and 286 THz, respectively.
The thermal radiation property can also be adjusted by the chemical potential. As the increase of μ c , the inter-band transition shift to higher frequency. Due to the abrupt change of conductivity, the emission spectrum will also experience a rapid alteration. The conductivities and emission spectra (θ = 88.5°) for μ c = 200 meV and 300 meV are illustrated in Fig. 8 . Here the thickness of the dielectric spacer is kept as 10 μm. Obviously, the emission spectra at frequency higher than 2μ c /h are not changed by the chemical potential while the emission at lower frequencies is completely suppressed. The above discussion is limited for monolayer graphene. In fact, the radiation angle can be changed by layer number of multilayer graphene. Since the optical conductivity is in proportional with the layer number [5, 6] , the conductivity of bilayer and trilayer graphene would be twice and triple of 2 / 4 e  . In Fig. 9 , the radiation patterns at f = 155 THz (d = 0.46 μm) for 1, 5, and 10 layers of graphene are calculated using transfer matrix method for different radiation angles. As the increase of the layer number, the radiation angle will decrease according to Eq. (8) . Meanwhile, the radiation at small angle (such as normal direction) will increase and the beam width would be larger. Thus for practical applications, a trade-off between radiation angle and beam width is required. Finally, we would like to comment that the thermal radiation of graphene can hardly be achieved using traditional metal film. For example, the conductivity of nichrome at 150 THz is about 1e5 S/m [21], thus a thickness of 0.6 nm would be required for the same sheet resistance (16.4 KΩ). Although material with smaller conductivity seems a possible solution, the requirement for thermal property may not be fulfilled as the temperature should be so high.
Conclusion
In summary, we proposed a high efficient electromagnetic absorber based on monolayer graphene. It is demonstrated numerically that the terahertz absorbance in graphene can be dynamically tuned by the chemical potential. Moreover, a set of periodically located absorption peaks at near grazing incidence is observed. The polarization and angle dependences of the absorption are analyzed carefully. Finally, a thermal radiator with tailored radiation pattern is demonstrated by utilizing the universal constant conductivity of graphene at near infrared frequencies.
